Abstract. We suggest that dark energy and dark matter may be a cosmic uroboros of quantum gravity due to the coherent vacuum structure of spacetime. We apply the emergent gravity to a large N matrix model by considering the vacuum in the noncommutative (NC) Coulomb branch satisfying the Heisenberg algebra. We observe that UV fluctuations in the NC Coulomb branch are always paired with IR fluctuations and these UV/IR fluctuations can be extended to macroscopic scales. We show that space-like fluctuations give rise to the repulsive gravitational force while time-like fluctuations generate the attractive gravitational force. When considering the fact that the fluctuations are random in nature and we are living in the (3+1)-dimensional spacetime, the ratio of the repulsive and attractive components will end in = 75 : 25 and this ratio curiously coincides with the dark composition of our current Universe. If one includes ordinary matters which act as the attractive gravitational force, the emergent gravity may explain the dark sector of our Universe more precisely.
Introduction
Dark energy and dark matter are a great mystery of the 20th century physics, which has not been resolved yet. In retrospect, the resolution of a great puzzle requires the upheaval of a radical new physics. Recall how the blackbody radiation and the photoelectric effect had been resolved at the beginning of the 20th century. We know that these problems could not be solved by simply modifying the Newtonian dynamics and the classical electrodynamics. A radical new paradigm, the so-called quantum mechanics, was necessary to solve these problems. If dark energy and dark matter would be such a case, i.e., the 21st century version of the blackbody radiation and the photoelectric effect, they would not be understood by simply modifying the general relativity and the quantum field theory. Another novel paradigm, a.k.a. quantum gravity, may be necessary to understand the nature of dark energy and dark matter.
The concept of emergent gravity and spacetime recently activated by the AdS/CFT correspondence advocates that spacetime is not a fundamental entity existed from the beginning but an emergent property from a primal monad such as matrices. The emergent spacetime is a new fundamental paradigm that allows a background-independent formulation of quantum gravity and opens a new perspective to resolve the notorious problems in theoretical physics such as the cosmological constant problem, hierarchy problem, dark energy, and dark matter. Moreover the emergent spacetime picture admits a background-independent description of the inflationary universe which has a sufficiently elegant and explanatory power to defend the integrity of physics against the multiverse hypothesis. We emphasize that noncommutative (NC) spacetime necessarily implies emergent spacetime if spacetime at microscopic scales should be viewed as NC [1] . We will elaborate the emergent gravity from a large N matrix model by considering the vacuum in the NC Coulomb branch satisfying the Heisenberg algebra and argue that dark energy and dark matter may arise as a cosmic uroboros of quantum gravity due to the coherent vacuum structure of spacetime.
Emergent Spacetime and the Dark Side of Universe
Let us start with a zero-dimensional matrix model with four N × N Hermitian matrices, {ϕ a ∈ A N |a = 1, · · · , 4}. The equations of motion for the matrix model are given by
which must be supplemented with the Jacobi identity
If we consider the N → ∞ limit, the large N limit opens a new phase of the Coulomb branch given by
where the vacuum moduli y a satisfy the Moyal-Heisenberg algebra [y a , y b ] = iθ ab with B ab = (θ −1 ) ab . This vacuum will be called the NC Coulomb branch. Note that the NC Coulomb branch saves the NC nature of matrices while the conventional commutative vacuum dismisses the property.
Suppose that the fluctuations around the vacuum (3) take the form
We denote the NC ⋆-algebra on R 4 θ by A θ and A a (y) ∈ A θ are four-dimensional NC U(1) gauge fields. The adjoint scalar fields in Eq. (4) now obey the deformed algebra given by
where
Using this result, one can derive the equations of motion and the Bianchi identity of NC U(1) gauge fields from Eqs. (1) and (2), respectively. For these field variables, the Lie algebra homomorphism reads as
In the commutative limit, we thus get the following correspondence [1, 2] :
Note that the torsion and curvature are multi-linear differential operators defined by
where X, Y and Z are vector fields on M. Therefore they satisfy the relations
Consequently we see that the Bianchi identity for NC U(1) gauge fields in the commutative limit is equivalent to the first Bianchi identity for the Riemann curvature tensors, i.e.,
The mission for the equations of motion is more involved. But, from the experience on the Bianchi identity (7), we basically expect that it will be reduced to the Einstein equations
After a straightforward but tedious calculation, we get a remarkably simple but cryptic result [2]
To get the above result, we have taken the canonical decomposition of the structure equation as
First it is convenient to decompose the energy-momentum tensor into two parts
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where ρ a ≡ g bab and Ψ a = − 1 2 ε abcd g bcd . A close inspection reveals that the first one is the Maxwell energy-momentum tensor given by
but the second one seems to be mystic. The reason is the following. The curvature tensor R abcd in general relativity can be decomposed according to the canonical split of Lie algebra so(4) = su(2) L ⊕su(2) R and the canonical decomposition of two-forms
A notable point is that the Ricci scalar s appears in the blocks (++) and (−−) while the traceless Ricci tensors B and B T show up in the blocks (+−) and (−+). Since the Ricci tensors (9) emergent from NC U(1) gauge fields belong to the mixed sector (+−) and (−+), they should be traceless according the decomposition (14). However the Ricci tensor (9) has a nontrivial Ricci scalar given by s = 1 2λ 2 (ρ a ρ a −Ψ a Ψ a ). Hence the Liouville energy-momentum tensor (12) cannot be realized in the context of general relativity. In order to descry closer aspects of the second energy-momentum tensor, let us separate the scalar and tensor perturbations as
and
) . In a long wavelength limit where the quadruple modes can be ignored, the Liouville energy-momentum tensor (12) behaves like a cosmological constant [3] 
In order to get a corresponding result in (3+1)-dimensional Lorentzian spacetime, let us take the analytic continuation defined by x 4 = ix 0 . Under this Wick rotation, g µν → g µν , ρ µ → ρ µ and Ψ µ → iΨ µ , so the Liouville energy-momentum tensor in the Lorentzian signature is given by
Note that ρ µ and Ψ µ are four-vectors and random fluctuations in nature and the Lorentzian four-vectors have their own causal structure. They are classified into three classes: (A) (ρ µ , Ψ µ ) are space-like vectors, i.e. g µν ρ µ ρ ν > 0, etc. (B) (ρ µ , Ψ µ ) are time-like vectors, i.e. g µν ρ µ ρ ν < 0, etc. (C) (ρ µ , Ψ µ ) are null vectors, i.e. g µν ρ µ ρ ν = 0, etc. which is in sharp contrast to the Riemannian space where every vectors are positive-definite. We will see that the nature of gravitational interactions depends on their causal structure.
In macroscopic scales where the scalar fluctuations are dominant compared to tensor perturbations, the Raychaudhuri equation can be approximated aṡ
where s = It should be important to notice that the NC Coulomb branch is generated by the Planck energy condensate in vacuum, i.e., ρ vac = [2, 3] . An important point is that the fluctuations over the coherent vacuum (3) should be subject to the spacetime uncertainty relation since the NC Coulomb branch satisfies the Heisenberg algebra. The spacetime uncertainty relation is realized as the UV/IR mixing of vacuum fluctuations. This means that UV fluctuations in the NC Coulomb branch are always paired with IR fluctuations and these UV/IR fluctuations can be extended to macroscopic scales [3] . Hence let us consider the vacuum fluctuations whose IR fluctuations have a macroscopic wavelength L H = M −1 H . Having this in mind, one can estimate the energy scale of the Liouville energy-momentum tensor (16) by observing that the vacuum fluctuations represented by F µν (y) are not localized but extended to a macroscopic scale L H [2, 3] . Actually the vacuum fluctuation energy
is the leading contribution to the curvature by the vacuum fluctuations and coming from the boundary term on a hypersurface of radius L H . This implies that the Ricci scalar in Eq. (15) has the curvature scale given by |s| ∼
A few remarks are in order. If the macroscopic scale L H is identified with the size of cosmic horizon of our observable universe, L H = 1.3 × 10 26 m, the extended (nonlocal) energy in Eq. (18) or (19) is in good agreement with the observed value of current dark energy ρ DE := δρ ≈ (10 −3 eV) 4 . Moreover one can determine the total energy within the hypersurface of radius L H , which is given by δE = 
